Abstract Despite many efforts to develop evapotranspiration (ET) models with improved parametrizations of resistance terms for water vapor transfer into the atmosphere, estimates of ET and its partitioning remain prone to bias. Much of this bias could arise from inadequate representations of physical interactions near nonuniform surfaces from which localized heat and water vapor fluxes emanate. This study aims to provide a mechanistic bridge from land-surface characteristics to vertical transport predictions, and proposes a new physically based ET model that builds on a recently developed bluff-rough bare soil evaporation model incorporating coupled soil moisture-atmospheric controls. The newly developed ET model explicitly accounts for (1) near-surface turbulent interactions affecting soil drying and (2) soil-moisturedependent stomatal responses to atmospheric evaporative demand that influence leaf (and canopy) transpiration. Model estimates of ET and its partitioning were in good agreement with available field-scale data, and highlight hidden processes not accounted for by commonly used ET schemes. One such process, nonlinear vegetation-induced turbulence (as a function of vegetation stature and cover fraction) significantly influences ET-soil moisture relationships. Our results are particularly important for water resources and land use planning of semiarid sparsely vegetated ecosystems where soil surface interactions are known to play a critical role in land-climate interactions. This study potentially facilitates a mathematically tractable description of the strength (i.e., the slope) of the ET-soil moisture relationship, which is a core component of models that seek to predict land-atmosphere coupling and its feedback to the climate system in a changing climate.
Introduction
Many weather and climate phenomena are influenced by land-atmosphere interactions across scales, in which soil moisture and its control on land evapotranspiration (ET) play important roles [Seneviratne et al., 2006 [Seneviratne et al., , 2010 . Land ET is a nexus of the water, energy and carbon cycles, and regulates their feedbacks to the climate system [Huxman et al., 2005; Scott et al., 2006; Lawrence et al., 2007; Seneviratne et al., 2010; Ahlstr€ om et al., 2015] . Although great progress has been made on modeling land-atmosphere interactions, progress Key Points: A mechanistic evapotranspiration (ET) model incorporating coupled soil moisture-atmospheric controls is developed Vegetation-induced turbulence as well as stomatal response to atmospheric evaporative demand strongly influence ET and its partitioning The role of vegetation stature and cover fraction in the strength of ET-soil moisture relationships is parameterized in advancing the science underlying land ET lags behind the exponential growth in remote sensing applications and numerical models at all scales [Dolman and de Jeu, 2010; Kool et al., 2014a; Ershadi et al., 2015; Haughton et al., 2016; Kustas et al., 2016; Maxwell and Condon, 2016] . Considering that ET and its associated soil and vegetation processes take place at scales much smaller than the current resolution of global or regional hydrologic and atmospheric models [Rietkerk et al., 2011; Baudena et al., 2013; Schymanski and Or, 2017; Decker et al., 2017] , a good understanding of the interactions between soil, vegetation, and the atmosphere (and their upscaling to larger scales of interest) is essential to advancing our mechanistic understanding of land-climate feedback processes.
The complex soil-vegetation-atmosphere interactions in partially/sparsely vegetated areas include the partitioning of incoming shortwave radiation into that which strikes soil versus vegetation surfaces [Ham and Kluitenberg, 1993; Colaizzi et al., 2010] and below-canopy wind patterns and turbulence structures [Wieringa, 1981; Heilman et al., 1994; Poggi et al., 2004; Villagarc ıa et al., 2007; Breshears et al., 2009; Cammalleri et al., 2010] . These interactions could vary considerably and affect ET and its partitioning between transpiration and bare-ground evaporation under prescribed atmospheric evaporative demands, depending on soil moisture content and vegetation phenological processes (i.e., vegetation greening, stature and cover fraction) [Detto et al., 2006; Lu et al., 2011; Wang et al., 2012; Baudena et al., 2013; Kool et al., 2014b , 2016 , Villegas et al., 2014 . For a range of different vegetation cover and atmospheric conditions, local-scale field observations reveal that soil evaporation could account for 20-40% of ET on average [Kool et al., 2014a] . Soil evaporation could be a substantial source of water loss, with relative contributions to ET varying more widely (i.e., 30-80%), in regions where the shallow surface soil layer is the primary source of ET (such as irrigated crops in an early growth stage, rangelands, and water-limited ecosystems) [Dugas et al., 1996; Tuzet et al., 1997; Wilcox et al., 2003; Kurc and Small, 2004; Huxman et al., 2005; Cavanaugh et al., 2011] . Hence, significant effects on the ET rates and dynamics are expected as the soil surface dries out.
While bare soil evaporation and plant transpiration have separately been the subject of extensive experimental and theoretical studies in the soil physics and plant physiology communities, respectively [Bittelli et al., 2008; Buckley and Mott, 2013; Or et al., 2013; Fatichi et al., 2016; Vanderborght et al., 2017, among others] , accurately quantifying their interaction in partially/sparsely vegetated areas remains challenging [Colaizzi et al., 2012; Kool et al., 2014a; Ding et al., 2015; Kustas et al., 2016] . In recent decades, great effort has been devoted to quantifying and modeling ET through understanding the distinct roles of soil evaporation and plant transpiration and their different functions within ecosystems [Overgaard et al., 2006; Shuttleworth, 2007; Kool et al., 2014a; Zhang et al., 2016] . The widely used dual-source ET modeling approaches [Shuttleworth and Wallace, 1985; Dolman, 1993; Lhomme et al., 1994; Norman et al., 1995; among others] explicitly consider contributions of surface fluxes from different sources (i.e., soil and vegetation) expressed succinctly through equivalent resistances to vertical transport arranged in series and/or parallel [Lhomme and Chehbouni, 1999; Overgaard et al., 2006; Yang, 2015b] . These dual-source ET schemes represent extensions of the Penman-Monteith (PM) combination equation [Monteith, 1965] (known as the single-source or big-leaf approach), and are generally categorized into two distinct approaches: (1) the ''layer'' (coupled) approach, such as the Shuttleworth and Wallace [1985] model, and (2) the ''patch'' (uncoupled) approach, such as the model proposed by Lhomme et al. [1994] .
Implicit in the layer approach is the key assumption that water and heat enter (or leave) the atmosphere via the canopy, represented as one column of two interrelated layers with resistances arranged in series. Conceptually, this approach is more appropriate for surfaces with relatively high fractional coverage of relatively uniform vegetation. For surfaces with very low vegetation cover, however, the hypothesized interaction between the two sources is assumed to be weak and fluxes from each source directly interact with the overlying atmosphere through a network of parallel resistances (the patch approach). Hybrid dual-source schemes [e.g., Dolman, 1993; Brenner and Incoll, 1997; Mu et al., 2011] and multisource (or clumped) models [e.g., Guan and Wilson, 2009; Lu et al., 2014; Yang, 2015a] , capitalizing on the advantages of layer and patch approaches, have recently been proposed in an effort to improve model applicability for a wide range of surface cover conditions.
Notwithstanding the many applications of PM-type ET models and their success in field tests [e.g., Huntingford et al., 1995; Fisher et al., 2005; Kalma et al., 2008; Ershadi et al., 2014; Yang, 2015b] approaches rely on empirical surface and aerodynamic resistances to account for the effects of soil wetness and atmospheric conditions near the soil and plant leaf surfaces [Liu et al., 2007; Widmoser, 2009; Yang, 2015b] . Such empirical treatment of physical processes at the critical surface-atmosphere interface (where fluxes emanate) clearly limits the capabilities of these models to predict ET and its partitioning a priori for a range of surface cover and atmospheric conditions [Verhoef et al., 1997; Boulet et al., 1999; Widmoser, 2009; Ershadi et al., 2015; Kustas et al., 2016; Liu et al., 2016; Schymanski and Or, 2017] .
These empirically treated near-surface physical processes specifically refer to the nonlinear surface-wetnessdependent boundary layer resistance [Schl€ under, 1988; that accounts for diffusiondominated water vapor transfer from porous surfaces (such as soil and leaf surfaces) across a thin boundary layer adjacent to the surface (termed the viscous sublayer) . The viscous sublayer sets the upper boundary for diffusive water vapor fluxes and is influenced by turbulence generation adjacent to the soil and leaf surfaces due to interactions between vegetation and the boundary layer (see Figure 1a ) [Raupach and Thom, 1981; Finnigan, 2000; Poggi et al., 2004; Villagarc ıa et al., 2007] . These important (but until now empirically treated) diffusion-based evaporative resistances link soil/ leaf hydraulic properties, surface wetness status (varying by soil drying and stomatal closing/opening) and boundary layer characteristics (affected by the turbulent flow), and thus control their highly dynamic evaporative fluxes and associated surface energy partitioning [Collatz et al., 1991; Shahraeeni et al., 2012; Schymanski et al., 2013; Aminzadeh and Or, 2014; Haghighi, 2015; Lehmann and Or, 2015] .
Given the success of recently developed soil boundary layer resistance parametrizations Haghighi, 2015] in advancing the predictive capabilities of atmospheric and land surface models [Haghighi and Or, 2015c; Decker et al., 2017] , here we invoke similar concepts and establish a physically based parametric ET model that explicitly incorporates how vegetation modifies airflow turbulence near partially/sparsely vegetated soil surfaces. The proposed ET model is expected to (1) deepen our understanding of physical mechanisms governing turbulent energy flux exchange in the most sensitive region for surface fluxes, (2) shed light on hidden dynamics not captured (or quantified) by direct measurements of ET, such as the nonlinearity of turbulence-surface cover relations influencing ET-soil moisture relationships and their thermal inferences by remote sensing, and (3) ultimately provide a physical basis for improving nearsurface boundary conditions in dual-source ET models so that they become independent of empirical resistance terms. 
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The objectives of this study were thus twofold: (1) to extend the mechanistic modeling framework of Haghighi and Or [2015b] , developed originally for quantifying near-surface turbulent interactions and resulting evaporation rates from bluff-rough bare soil, and establish a dual-source ET model by incorporating a new stomatal model accounting for water transport mechanisms through the soil-plant-atmosphere continuum; and (2) to quantify how surface cover characteristics (i.e., vegetation stature and cover fraction) and environmental conditions (i.e., incoming shortwave radiation and atmospheric evaporative demand) influence ET-soil moisture relationships that reflect the strength of land-atmosphere coupling.
Following this introduction, we briefly introduce a concept for how bluff-body flow influences turbulent transport of scalars in the near-surface region. We then discuss how this concept could be extended to partially vegetated surfaces, and propose expressions for estimating soil evaporation, plant transpiration, and total ET fluxes in the framework of the surface energy balance model. These new models for ET and its partitioning are then tested against available field-scale measurements under various surface cover and atmospheric conditions, and conclusions are drawn regarding the effects of surface characteristics and atmospheric conditions on ET-soil moisture relationships.
Theoretical Considerations
Bluff-Body Flow and Viscous Sublayer Dynamics
Serving as natural bluff-body roughness elements, woody vegetation within turbulent atmospheric boundary layers result in complex and unsteady flow regimes (characterized by turbulent structures termed eddies) that affect drag partitioning and the transport of momentum and scalars in the near-surface region [Wieringa, 1981; Raupach, 1992; Poggi et al., 2004; Breshears et al., 2009] . The resulting turbulent structures near soil and leaf surfaces modify the local wind stress [Raupach, 1992; Shao and Yang, 2008] and alter the dynamics of the viscous sublayer accordingly [Haghighi and Or, 2015b] (see also supporting information Text S1 and Figure S1 ). Note that viscous sublayer is the region close to the surface that underlies a turbulent airflow boundary layer and sets the boundary conditions for heat and vapor transfer by thermal conduction and molecular diffusion, respectively (Figure 1 ) [Gaikovich, 2000; Shahraeeni et al., 2012; Haghighi, 2015] . Recent studies of heat and mass exchange from surfaces covered by isolated cylindrical obstacles [e.g., Giordano et al., 2012; Haghighi and Or, 2015b] reveal the important role of obstacle-induced turbulence (i.e., horseshoe and wake vortices) [Sumner, 2013; Zhang et al., 2017] in thinning the viscous sublayer and enhancing the resulting localized heat and mass exchange rates (see also supporting information Figure S2 ).
Given the centrality of the viscous sublayer in regulating turbulent heat and mass exchange rates from soil and leaf surfaces, , 2015a , 2015b , 2015d proposed parametrizations for viscous sublayer thickness with explicit incorporation of surface geometrical attributes and airflow turbulence characteristics in the context of surface renewal theory . This theory, which was originally introduced to chemical engineering by Higbie [1935] and Danckwerts [1951] , provides an attractive description of near-surface turbulent transport mechanisms driven by rotating fluid parcels (i.e., renewal eddies) with a range of sizes and intensities. A relatively simple expression for estimating the viscous sublayer thickness is given as [Haghighi and Or, 2013, 2015b] 
where v(m 2 s 21 ) is the kinematic viscosity of air (1:5310 26 at 258C), u Ã (m s 21 ) is the friction velocity estimated as Yang, 2005, 2008] 
where U a (m s
21
) is the mean air velocity at the measurement height, v5d Á h Á g=A obs is the bluff-body roughness density (or frontal area index), d(m), h(m), and A obs (m 2 ) are diameter, height, and basal area of bluff-body obstacles, respectively, 0 g 1 is the basal-area index (or fraction of obstacle cover), F rg and F sg are the drag coefficients for the bluff-body element and ground surface, respectively, at g50, and f r , f s , and f c are functions of quantities related to bluff-body elements (see supporting information Text S1). Finally, IðaÞ is a turbulence-dependent proportionality constant (see supporting information Text S1) with a
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the shape parameter of the eddy residence time distribution which is known to follow the gamma statistical distribution [Haghighi and Or, 2013, 2015d ] (see supporting information Text S1 and Figure S1 ) and could be estimated from a50:3 U a u Ã 21 ! 0:
As a increases, larger eddies with longer residence times become more frequent such that the turbulent regime has lower turbulence strength (i.e., the friction velocity decreases) and thus a thicker mean viscous sublayer forms over the surface Haghighi, 2015] ; see also supporting information Figures S1 and S2. A list of symbols used in this study is given in Table 1 . Figure 1b shows typical variations in the friction velocity and viscous sublayer thickness over a flat surface covered by cylindrical bluff-body obstacles of prescribed geometry that influence the interacting turbulent airflow field. These model estimates (equations (1) to (3)) demonstrate the nonlinear effects of obstacle cover fraction on the interacting eddy population that transfers momentum from the mean airflow to the surface (from isolated roughness flow to wake interference and skimming flows) [Breshears et al., 2009] . As the obstacle cover fraction increases toward a critical value, the eddy population (i.e., the background turbulence) breaks down into smaller-scale high-frequency eddies penetrating faster into the mass exchange surface layer. As a result, momentum transfer and shear stress at the surface are enhanced (isolated roughness flow) [Poggi et al., 2004; Shao and Yang, 2008; Breshears et al., 2009] and thus the boundary layer thickness decreases [Haghighi and Or, 2015b] . As the obstacle cover fraction increases beyond the critical value, the penetration of the background turbulence to the surface is gradually reduced due to the mutual sheltering among the roughness elements (wake interference and skimming flows) [Poggi et al., 2004; Shao and Yang, 2008; Breshears et al., 2009] . Hence, the eddy population becomes dominated by relatively large-scale wake vortices trapped between obstacles of high density, and a thicker viscous sublayer thickness forms accordingly [Haghighi and Or, 2015b] .
Approximating individual woody plants by cylindrical obstacles of prescribed height and width with, the vegetation canopy treated as a big leaf (see Figure 1a) , we extend the drag-partitioning-based viscous sublayer model (equations (1) to (3)) to calculate soil evaporation and plant transpiration in partially/sparsely vegetated areas. Considering that the presented viscous sublayer model intrinsically includes the physical interactions between the turbulent airflow and surface characteristics [Haghighi and Or, 2015b] , it can be combined with basic heat and mass transfer models (originally developed for flat surfaces) to calculate scalar exchange rates from plant leaves (with g50) and soil surfaces, as discussed in the following sections.
A Hybrid Dual-Source ET Model
ET fluxes from soil and plant leaf surfaces are primarily constrained by the available energy at the surface and the atmospheric evaporative demand, by diffusive mechanisms of gas transport through soil and stomatal pores into the atmosphere across the viscous sublayer (see Figure 1) , and by soil water content and hydraulic properties of the soil-plant system [Collatz et al., 1991; Sperry et al., 1998; Shahraeeni et al., 2012; Or et al., 2013; Schymanski et al., 2013; Defraeye et al., 2014; Haghighi, 2015; Lehmann and Or, 2015] . Capitalizing on the advantages of the layer and patch approaches, which inspired a class of modified approaches termed hybrid models (discussed in section 1), we formulate these interconnected mechanisms (i.e., the strongly coupled mass and energy exchange during soil evaporation and leaf transpiration) using a hybrid surface energy balance approach as
where the subscripts s and l refer to soil and big-leaf surfaces, respectively, g is the fractional vegetation cover linking layer-approach energy terms on the LHS to those of the patch approach on the RHS (as in the hybrid approaches) [e.g., Guan and Wilson, 2009] Equation (4) Sensible heat flux h M Equation (2) Height of bluff-body obstacle
Soil evaporative characteristic length LAI Equation (9) Bulk surface leaf area index LAI c Equation (9 where
is the soil thermal conductivity, which can be estimated from soil porosity and water content using the relation proposed by Chen [2008] , Z(m) is an effective thermal thickness below the soil surface that senses surface temperature fluctuations and ranges from 10 to 30 mm for practical conditions [Gardner and Hanks, 1966; Hanks et al., 1971; Shahraeeni and Or, 2011; Haghighi and Or, 2015e] , and T s and T Z (K) are the average soil temperatures at the surface and at the thermal decay depth, respectively. To a first approximation, we assume T Z 5T a with T a (K) the ambient air temperature Or, 2010, 2011] . Implicit in equation (6) is the assumption of a linearized soil temperature profile, originally varying exponentially with soil depth [Heusinkveld et al., 2004; Shahraeeni and Or, 2011] , across a relatively shallow surface soil layer (i.e., the thermal decay depth) where more dramatic temperature changes occur [Shahraeeni and Or, 2011; Li et al., 2016] . This assumption (i.e., @T=@z5const:) physically implies a constant conductive heat flux in the vertical direction that is canceled out between top and bottom faces of the vaporization zone across the thermal decay depth Or, 2010, 2011] .
Radiative Transfer and Partitioning
In addition to influencing momentum transfer (section 2.1), woody plant species would also affect radiative transfer and partitioning at the land surface. The radiation energy at the surface partitions into energy for the plant leaf (R nl ) and the adjacent bare soil surface (R ns ) according to the radiative transfer model of Taconet et al. [1986] , in which the soil component is considered under a semitransparent canopy layer (the layer approach):
where the subscript a refers to ambient air properties, R in (W m 22 ) is the incoming (solar) shortwave radiation, K is the surface reflectivity or albedo, E is the emissivity, r55:67310 28 (W m 22 K 24 ) is the StefanBoltzmann constant, T l (K) is the average leaf surface temperature, and x f is the shielding factor expressed as [Rosenthal et al., 1977] :
where LAI5g Á LAI c is the bulk surface leaf area index with LAI c the canopy leaf area index (known also as the ''clump'' LAI) [Lhomme and Chehbouni, 1999] , and k c is an extinction coefficient that varies with vegetation cover fraction (g). Considering that the effects of g on radiation energy partitioning are included in the surface albedo and leaf area index terms, a constant value of k c 50:4 (for clumpy vegetation) seems to be a reasonable simplifying assumption for a range of vegetation cover fractions [Rosenthal et al., 1977; Deardorff, 1978; Taconet et al., 1986; Guan and Wilson, 2009] .
Sensible Heat Exchanges at Soil and Leaf Surfaces
Considering constant gradients of relatively linear temperature profiles forming across the viscous sublayer [Gaikovich and Troitsky, 1997; Gaikovich, 2000; Haghighi and Or, 2015d] , the sensible heat fluxes from soil (H s ) and big-leaf (H l ) surfaces could be obtained from Þ are viscous sublayer thickness over soil and big-leaf surfaces, respectively, and LAI e is an effective surface leaf area index that scales up leaf-scale fluxes to canopy-scale and is empirically equal to L AI for LAI 2, LAI=2 for LAI ! 4, and 2.0 for 2 < LAI < 4 [Ding et al., 2014] . We note that the simplifying flat surface assumption for plant leaves (i.e., d l 5d g50 ) in our modeling approach does not exclude the airflow turbulence (i.e., the background turbulence) already present in canopy winds [Raupach and Thom, 1981; Finnigan, 2000 ] (see Figure 1b) . Equation (10a) assumes that the airflow temperature at the upper boundary of the viscous sublayer is similar to the mean ambient air temperature T a . According to the surface renewal theory, above the viscous sublayer there is a fully mixed turbulent regime which is characterized by transfer coefficients much greater than the corresponding ones across the viscous sublayer [Meek and Baer, 1970, 1973; Seo and Lee, 1988] . This, in turn, allows one to assume that vertical gradients in scalar values (from their values at the surface to those in the ambient air) are steepest across the viscous sublayer, and that mass transfer across the viscous sublayer is the rate-limiting process controlling surface fluxes [Gaikovich, 2000; Haghighi and Or, 2013, 2015d] .
Soil Drying Dynamics and Evaporation Fluxes
According to , one can use an extended version of Schl€ under 's [1988] analytical formulation for quantifying diffusive soil evaporation fluxes across the viscous sublayer when soil drying takes place at the surface (so-called stage-I evaporation). This model explicitly accounts for transport limitations due to (1) diffusive vapor transfer across the viscous sublayer [Shahraeeni et al., 2012; , and (2) capillary flow to the surface (i.e., viscous losses) which becomes important at relatively low water content levels within the shallow surface soil layer of a few centimeters Haghighi and Or, 2015a] . When the surface soil layer dries out (i.e., end of stage-I), stage-II evaporative fluxes can simply be formulated using Fick's law with water vapor concentration gradients building up through the porous medium (invaded pores) and across the viscous sublayer. Thus, we formulate soil evaporation fluxes E s (kg m 22 s
21
) as
where d s (m) is the viscous sublayer forming over the soil surface (equations (1) to (3)), h surf is the surface water content that could be parametrized as a function of soil physical properties and drying front (or water table) dynamics [Lehmann et al., 2008; Haghighi and Or, 2015a] [Mualem, 1976; van Genuchten, 1980] , L(m) is the drying front depth below the surface, L C (m) is the soil evaporative characteristic length that determines the deepest drying front position before hydraulic connectivity with the evaporating surface above is lost (i.e., end of stage-I evaporation) [Lehmann et al., 2008] , n(m) is the depth of the vaporization plane at the onset of stage-II evaporation (to initiate estimation of vapor fluxes at the transition) obtained from the model proposed by Shokri and Or [2011] , DC s 5C s 2C a (kg m 23 ) is the water vapor concentration difference at the liquid surface (assumed saturated) and in the air at the border of the viscous sublayer, formulated as
where M w 50:018(kg mol 21 ) is the molar mass of water, <58:314(J mol 21 K 21 ) is the universal gas constant, RH is the relative humidity of the ambient air, and P sat (Pa) is the vapor pressure at the liquid surface,
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assumed to be the saturation vapor pressure at the surface temperature. Finally, H in equation (11) is a surface-wetness-dependent coefficient accounting for nonlinear diffusive interactions as the surface dries and spacing between remaining evaporating pores increases (i.e., the evolution of the vapor concentration field from an initially stratified 1-D domain to individual 3-D vapor shells forming over isolated active pores) [Shahraeeni et al., 2012] and is obtained from [Schl€ under, 1988 ]
Implicit in equation (11) is the assumption that capillary liquid flow supporting stage-I evaporation from water-filled pores (h surf > 0) is a more efficient transport process than vapor diffusion through invaded pores [Shokri et al., 2009; Or et al., 2013] . Moreover, we note that this simplified approach assumes negligible root water uptake effects on surface soil wetness and thus on soil evaporative fluxes. This is in agreement with the isotopic signatures of soil and root zone water in semiarid regions (with relatively low vegetation cover fraction) revealing that these water sources are typically decoupled [Newman et al., 2010] . Under high vegetation cover fraction (i.e., dense vegetation), on the other hand, root water uptake likely adds to viscous losses and thus shortens the soil characteristic length [Lehmann et al., 2008; Cejas et al., 2014] . However, this does not seem to noticeably affect the overall pattern of the ET-soil moisture relationship [Manoli et al., 2014] .
An Integrated Multiscale Plant Transpiration Model
In this section we develop a coupled water and gas transport model for calculating transpiration fluxes from plant leaves. We specifically couple stomatal control of leaf gas exchange [Defraeye et al., 2013; Schymanski et al., 2013; Lehmann and Or, 2015] to the entire plant hydraulic system [Sperry et al., 1998; Sperry, 2000] by considering the interdependence of the guard cell water potential (or turgor pressure) and transpiration rates [Gao et al., 2002; Buckley et al., 2003; Tuzet et al., 2003; Franks, 2004] . Considering a big-leaf representation of the canopy (see Figure 1a ) [Katul et al., 2003; Mallick et al., 2015] and the dominant contribution of diffusive processes in leaf gas exchange (serving as an evaporating porous surface) [Defraeye et al., 2013; Lehmann and Or, 2015] , we formulate transpiration fluxes from the big leaf E l (kg m 22 s 21 ) by incorporating a lumped leaf resistance term, imposed on water vapor diffusion through the stomatal cavity and across the pore depth [Brown and Escombe, 1900; Lehmann and Or, 2015] , in Schl€ under 's [1988] analytical vapor diffusion model and obtain
where r l (m) is the mean stomatal pore radius, n(m 22 ) is the stomatal density (i.e., the number of stomata per unit leaf surface area), and DC l 5C l 2C a (kg m 23 ) is the water vapor concentration difference between the liquid surface, which is distributed continuously from near the inner walls of the guard cells to the mesophyll cells, and the air at the border of the viscous sublayer, which is obtained from equation (12) with leaf surface temperature T l as the input parameter.
Typical model predictions of transpiration fluxes as functions of wind velocity and stomatal aperture are presented in Figure 2 . The good agreement between model predictions and published experimental data inspires confidence in the diffusion-based vapor transfer stomatal model defined in equation (14). In other words, this reaffirms the dominance of diffusion processes for vapor transport across the viscous sublayer, which is a core component of both soil evaporation (equation (11)) and plant transpiration (equation (14)) models, while the main contribution of advection and turbulent transport beyond the viscous sublayer is to define its thickness. [Shahraeeni et al., 2012; . The nonlinear behavior of the transpiration fluxes (especially under the low wind velocity condition) is attributed to enhanced (per pore) diffusive fluxes through 3-D vapor shells as the spacing between stomatal pores increases by decreasing stomatal aperture (the so-called compensatory mechanism) [Shahraeeni et al., 2012; Lehmann and Or, 2015] . adjacent to the leaf surface, however, restrict full development of the 3-D vapor shells, and thus the resulting transpiration fluxes continually decrease with decreasing stomatal aperture [Bange, 1953; Schl€ under, 1988; Shahraeeni et al., 2012; Lehmann and Or, 2015] .
The opening and closing of stomatal pores result primarily from increasing or decreasing guard cell turgor [Brodribb and Holbrook, 2003 ] and could be parametrized by a linear combination of guard cell and epidermal turgor pressures (P g and P e (Pa), respectively) as [Buckley, 2005] 
where, c 1 53:7310 26 (m Pa
21
) and c 2 5 2 are model constants [Buckley, 2005] , w(Pa) is the leaf water potential, and M s (mol m
23
) is the molar concentration of plant solutes that ranges, e.g., from 0 to 1:5310 3 for sucrose solutions which are often the case [Cochrane and Cochrane, 2007] . Considering previously published gas exchange and pressure probe measurements demonstrating the relationship between r l , P g , and P e for a range of plant species [Buckley, 2005] , as well as osmotic potential properties common to plant solutions [Cochrane and Cochrane, 2007] , we used the simplifying assumptions of P e 50:5310 6 Pa and M s 510 3 mol m 23 for the model simulations in this study.
To systematically account for the interdependence of the guard cell water potential and transpiration rates which regulates stomatal responses to atmospheric and soil water controls [Fatichi et al., 2014 [Fatichi et al., , 2016 , we invoke the continuity of fluxes across the soil-plant-atmosphere system under steady state conditions (i.e., changes in water stored in plant tissues are small compared to the total transpiration flux) [van den Honert, 1948; Federer, 1979; Gao et al., 2002; Katul et al., 2003; Manzoni et al., 2013] are the soil-to-root and plant/xylem (i.e., root-to-leaf) hydraulic conductances per unit ground and leaf area, respectively, which are obtained from [Sperry et al., 1998; Katul et al., 2003; Daly et al., 2004] 
where g59:81 m s 22 is the gravitational acceleration, Z r (m) is the mean rooting depth which is relatively constrained across biomes, ranging from around 0.1 to 0.5 m [Manzoni et al., 2013] , RAI is the mean root area index (i.e., the root area per unit ground surface) and vary considerably as a function of the bedrock depth as well as soil and plant type [Manzoni et al., 2013] , g pmax (m Pa 21 s 21 ) is the maximum plant (root-toleaf) hydraulic conductance, and c 3 (Pa) and c 4 are model parameters of a hydraulic vulnerability curve 
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varying across species [Sperry et al., 1998; Maherali et al., 2004; Nolf et al., 2015] . Note that K s and w s are the variables linking plant transpiration rates to soil (volumetric) water content within the root-zone h(m 3 m 23 ), which can simply be estimated using empirical relationships proposed by Clapp and Hornberger [1978] .
One can iteratively solve equations (5) and (17) for the two unknown parameters leaf temperature (T l ) and guard cell water potential (w l % w g ), and accordingly calculate transpiration fluxes E l for prescribed boundary conditions. We note that the proposed coupled plant transpiration scheme (equation (17)) does not account for variations in ambient air CO 2 concentration, which is instead assumed to be relatively constant during the simulation period.
Coupled Solution for Surface Temperatures and ET Fluxes
Combining equations (4), (5) and (17), and replacing LAI with LAI c as in the patch approach, one can solve the resulting system of nonlinear equations for three unknown variables including soil surface temperature (T s ), leaf surface temperature (T l ), and leaf water potential (w l ) under prescribed surface and atmospheric boundary conditions. Consequently, mean soil evaporation (E s , equation (11)) and big-leaf transpiration (E l , equation (17)) fluxes can be quantified to estimate the resulting ET flux, ET(kg m 22 s 21 ), as
The computational sequence diagram is given in Figure 3 .
Results and Discussion
Newly Developed Transpiration and ET Model Tests
Given the primary interest of this study in ET-soil moisture relationships, we tested the models outlined above using published data sets representing variations in plant transpiration and/or ET over a broad range of soil moisture contents under controlled conditions. We note that field-scale measurements rarely contain all the information required for the assessment of the proposed parametric model. Nevertheless, the measured data selected and presented in this study, which were obtained under controlled field conditions, contain most of the required input parameters for evaluating coupled soil water-atmospheric controls on transpiration and ET fluxes. In addition to providing benchmark data for model validation, the selected data sets reveal interesting relationships between transpiration/ET and soil moisture for given evaporating settings subjected to various surface and atmospheric conditions, which are discussed in detail in the following Figure S3 and Table S2 presenting further quantitative measures (error statistics) of the performance of the proposed transpiration model. We note that the daily transpiration rates measured by Denmead and Shaw [1962] were obtained from corn plants grown in containers in the field (a total of 136 cylindrical containers filled with silty clay loam soil set in the field with their tops level with the ground surface at a spacing of 1 m from center to center) under varying soil water supply and potential transpiration (E o ). The soil surface was covered with black plastic film to prevent soil evaporation, so that measured losses in soil moisture were attributed to transpiration. Figure 4 reveal the coupled (and nonlinear) effects of soil moisture and atmospheric conditions on transpiration rates. At certain soil moisture contents (<0.28 in this case - Figure 4 ), higher atmospheric evaporative demand would give lower transpiration fluxes: a seemingly counterintuitive atmospheric flux response accounting for emerging land-surface feedback in a changing climate [Reynolds-Henne et al., 2010; Teskey et al., 2015; Medina and Gilbert, 2016; Sulman et al., 2016; Schauberger et al., 2017] . This implies a varying soil-plant resistance under different atmospheric and soil moisture conditions [Denmead and Shaw, 1962; Newman, 1969; Mallick et al., 2013] which is successfully accounted for by the proposed parametric transpiration model (equation (17) and Figure 4 ). For instance, at the intersection points where the lines cross over (see the inset in Figure 4) , plants have the same transpiration rate at the same soil moisture content; however, the atmospheric demand (or the potential transpiration rates) for the two sets of data are different. According to the RHS of equation (17), plants must have their stomata further closed (smaller r l ) to compensate for the higher DC and thinner d l under high atmospheric evaporative demand conditions. This would, in turn, result in higher soil-to-leaf flow resistance (equation (19)) acting against the increased soil-leaf water potential difference (the LHS of equation (17)). See also supporting information Figure S4 , providing further tests of the transpiration model [Moran et al., 2009; Cavanaugh et al., 2011; Ding et al., 2013; Renner et al., 2016] .
Experimental results and model predictions in
The results shown in Figure 4 demonstrate predictive capabilities of the proposed transpiration model, which could provide the physical basis for addressing Denmead and Shaw's [1962] , and r l 55310 26 m), as measured by Denmead and Shaw [1962] (symbols) and predicted (lines) by the transpiration model in equation (17). The corn plants were grown in a silty clay loam soil (with field capacity of h % 0:36), subjected to a range of meteorological conditions (see Table 2 ). The inset shows similar results normalized by the maximum E o (55.6 mm/d). Measured and theoretical results reveal that the strength of the transpiration-soil moisture content relationship is influenced by atmospheric moisture demand. At higher soil water contents (h ! 0:28), transpiration fluxes clearly reflect differences in atmospheric moisture demand. At lower soil water contents (h < 0:28), however, the curves cross, indicating that higher atmospheric moisture demand can lead to stomatal closure and reduced transpiration rates. The model reproduces this crossover behavior in the experimental data, using only one set of parameters; only the meteorological values vary among the three scenarios.
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the actual transpiration rate fall below the potential rate, and can this be predicted for any given soil-plant-weather combinations?.'' This is still, after more than 50 years, an open issue in the context of large-scale hydrology [Dolman and de Jeu, 2010; Maxwell and Condon, 2016] . The proposed transpiration scheme (equations (5) and (17)) couples stomatal conductance, leaf energy balance, and transport of water through the soilplant-atmosphere continuum, improving our mechanistic understanding of stomatal response to soil water and atmospheric controls. This is of particular importance for developing predictive capabilities quantifying land-atmosphere coupling under future climate change scenarios [Reynolds-Henne et al., 2010; Chaves et al., 2016; Combe et al., 2016; Medina and Gilbert, 2016] .
ET Fluxes Dominated by Soil Evaporation
Having evaluated the performance of the ET model components individually (i.e., the soil evaporation and plant transpiration models in Haghighi and Or [2015b] and this study, respectively), we tested the proposed combined ET model (Figure 3 ) against published observations. The results are presented in Figure 5 . As discussed in section 3.1, this study specifically explores the dynamics of ET-soil moisture relationships. We thus selected published daily measurements of the ET-soil moisture relationship by Taconet et al. [1986] that cover a broad range of soil moisture variations (including both stages of soil evaporation) and vegetation cover conditions (g and/or LAI). The experimental sites were on the Beauce Plateau (France), which is covered by a wheat canopy with LA I ranging from 2 (during tillering) to 8 (during growth and heading).
Results shown in Figure 5 reveal that model predictions of ET-soil moisture relationships (lines) are in good agreement with selected measured data (symbols) for a range of LAI and soil and atmospheric boundary conditions (R 2 50:85, 0.92, and 0.92 for LAI52, 4, and 8, respectively); see also supporting information Figure S3 and Table S2 presenting further quantitative measures (error statistics) of the performance of the proposed ET model. At higher soil moisture contents, where the shallow surface soil layer drives ET fluxes, stage-I soil evaporation makes a significant contribution to total ET. This could be inferred from the enhanced ET fluxes while LAI values (and thus ''mean'' transpiration rates) decrease. During stage II, when the surface soil layer dries out (h < 0:25 in this case), however, plant transpiration is the mechanism dominating ET fluxes. This is evident from the model predictions and measured data (2 LAI 6) falling on or below those for the fully vegetated surface condition (LAI58) during this stage. Although stage-II soil evaporation is negligible and thus has no significant contribution to total ET fluxes, soil physical properties could still affect transpiration rates (and thus ET patterns) through adjusting viscous losses imposed on liquid water transfer towards plant roots [Maxwell and Condon, 2016; X. Wang et al., 2016] . According to equation (18), viscous losses have stronger effects at lower levels of soil water content, which are typical during stage-II evaporation. Additional tests of the proposed ET model are given in the supporting information ( Figure S4 ) [Cavanaugh et al., 2011; Ding et al., 2013] .
ET-Soil Moisture Relationships Influenced by Near-Surface Turbulence
The relationship between ET and soil moisture is an important component of land-atmosphere interactions controlling hydrology-climate feedback processes [Koster et al., 2006 [Koster et al., , 2009 Seneviratne et al., 2010] . Despite the importance of this relationship in partitioning land surface evaporative fraction as a measure for landatmosphere coupling, it remains empirical and physical mechanisms governing its dynamics are underexplored [Gentine et al., 2007; Farhadi et al., 2016] . As shown in Figure 5 , the relationship between ET and soil moisture significantly varies with surface cover conditions during stage-I evaporation: As LAI increases from Table 2 ). Note that model simulations have been shown only for LAI52, 4, and 8. The vertical gray line marks the end of stage-I soil evaporation (h > 0:25) during which ET-soil moisture relationships exhibit dynamic variations considerably accounted for by the soil evaporation component.
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2 (g50:25, sparse vegetation) to 8 (g51:0, fully vegetated), the linear ET-soil moisture relationship becomes nonlinear. These interesting, but expected, ET-soil moisture relationships reaffirm the coupled impacts of soil moisture and near-surface meteorological conditions (influenced by surface cover conditions) at local and regional scales [Dirmeyer et al., 2000; Gentine et al., 2007 Gentine et al., , 2011 Ford et al., 2014; Maxwell and Condon, 2016] .
Figure 6 presents theoretical variations in the relative contribution of soil evaporation to ET as a function of vegetation cover fraction (g) and type (parametrized by vegetation geometry, LAI c , and LAI) under a wellwatered surface soil layer and typical atmospheric conditions. The results shown in Figure 6 reveal the relatively strong contribution of soil evaporation to total ET fluxes (i.e., E s =ET ratios higher than 50%) especially under low LAI c and/or LAI conditions (Figures 6a and 6c ) over a wide range of surface cover fraction (up to 80%). Under high LAI c and/or LAI conditions (Figures 6b and 6d) , however, the contribution of soil evaporation is limited to lower vegetation cover fractions where soil evaporation (and its contribution to ET) is dominated by turbulence generation in the near-surface region. The enhancing (and nonlinear) effects of the near-surface turbulence on soil evaporation (and thus ET) fluxes could be recognized by E s =E bs ratios larger than 100% where soil evaporation in a partially vegetated area is higher than that from a corresponding bare soil surface, despite a reduction in the incoming shortwave radiation at the soil surface (i.e., R ns decreases as g and LAI increases-see equations (7) and (9)). Comparing the thick and thin lines , and R in 5500 W m
22
. The red-dotted line marks the ratios E s =ET550% and E s =E bs 5100%, with E bs 5E s;g50 representing the bare soil evaporation flux. E s =ET ratios higher than 50% reveal relatively strong contributions of soil evaporation to total ET fluxes, especially under low LAI c and/or LAI conditions (a and c) over a wide range of surface cover fractions (up to 80%). Under high LAI c and/or LAI conditions (b and d), however, soil contributions are limited to lower vegetation cover fractions where soil evaporation (and its contribution to ET) is dominated by turbulence generation in the near-surface region. The enhancing (and nonlinear) effects of near-surface turbulence on soil evaporation (and thus ET) fluxes could be recognized by E s =E bs ratios larger than 100% where soil evaporation in a partially vegetated area is higher than that from a corresponding bare soil surface, despite a reduction in the incoming shortwave radiation at the soil surface (i.e., R ns decreases as g and LAI increases). Comparing thick and thin lines suggests that sparsely vegetated surfaces (g < 0:5) with short-stature vegetation experience more efficient near-surface turbulence.
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in Figure 6 suggests that sparsely vegetated surfaces (g < 0:5) with short-stature vegetation experience more efficient near-surface turbulence (i.e., relatively strong turbulence over a wider range of cover fraction). 3.2.1. Implications for Semiarid (Sparsely Vegetated) Areas The near-surface turbulent interactions affecting the relationship between surface fluxes and soil water content during stage-I evaporation (Figures 5 and 6 ) are of particular importance for semiarid sparsely vegetated regions where soil surface interactions are known to play a critical role [Lu et al., 2011; Sun et al., 2013; Nicholson, 2015; Gong et al., 2017] . These regions cover about 50% of the global land area [Newman et al., 2006] and markedly influence local/regional carbon and water cycling and their feedbacks to the climate system [Scott et al., 2006; Lu et al., 2011; Ahlstr€ om et al., 2015; Gong et al., 2017] . Semiarid sparsely vegetated areas are characterized by relatively low values of g and by dry soils whose upper surfaces are episodically wetted by precipitation. The shallow top surface soil layer (of a few centimeters) in these regions is the primary source of ET (i.e., h % h surf ), and direct evaporation from bare soil is likely to be a large component of the total flux [Dugas et al., 1996; Dirmeyer et al., 2000; Small, 2004, 2007; Huxman et al., 2005] . We thus hypothesize that soil evaporation and its associated controlling mechanisms make a considerable contribution to characterizing the relationship between ET and soil moisture, which is still a particular challenge in semiarid ecosystems [Kurc and Small, 2004; Lu et al., 2011; Yang et al., 2013; Ford et al., 2014; M endez-Barroso et al., 2014] . Figure 7 shows our simulations of ET and its individual components (i.e., E s and E l ) in several semiarid ecosystems with different vegetation types and cover fractions studied by Lu et al. [2011] (see Table 2 ). The results demonstrate, on the one hand, that the model estimates capture reasonably well the overall pattern of the measured daily ET as a function of near-surface (top 0.1-0.2 m layer) soil moisture content, which inspires confidence in the proposed ET scheme and its application to semiarid sparsely vegetated areas. On the other hand, these results reveal the dynamic interactions between ET and soil moisture (i.e., the varying slope of the ET-soil moisture relationship) as hidden dynamics not captured by standard large-scale atmospheric models that generally characterize semiarid regions by (single-slope) linear ET-soil moisture relationships inferred from aggregate normalized data (see Figure 8 ) [Koster et al., 2009] . The aggregate normalized data presented in Figure 8 confirm the broadly linear relationship between measured ET and soil moisture; however, model predictions for individual regions with different surface cover characteristics reveal subtle differences in the slope of linear normalized ET-soil moisture relationships, indicated by the dashed lines.
While it is an open question what determines such variations in the strength (i.e., the slope) of normalized ETsoil moisture relationships under various surface cover and atmospheric conditions, a more general question remains as to whether the widely recognized linear relationship in semiarid areas is always the case. Recent observations of the land surface evaporative fraction (i.e., the ratio of latent heat flux to available energy) as a function of soil moisture content in the U.S. Southern Great Plains [Ford et al., 2014] revealed that semiarid regions, which are typically characterized by a moisture-limited regime (i.e., a linear relationship), could exhibit energy-limited behavior under particular conditions. Given that the ET-soil moisture relationship significantly influences the partitioning of the land surface evaporative fraction, we further explore how the strength (i.e., the slope) of normalized ET-soil moisture relationship is affected by surface cover characteristics, parametrized by vegetation cover fraction (g) and aspect ratio (h=d), and by major environmental forcing factors, with results presented in Figure 9 and in the supporting information ( Figures S5 and S6) .
Our model simulations presented in Figure 9 (and supporting information Figures S5 and S6 ) demonstrate that the typical strong (i.e., linear) relationships between normalized ET and soil moisture in semiarid areas, referred to as the single (moisture-limited) regime, are likely the case in regions covered by short-stature vegetation and/or low density tall-stature species, generating relatively strong near-surface turbulence, especially under high wind velocity conditions. As the wind velocity and/or turbulence intensity decreases, which is mostly the case when the surface is covered by high density tall-stature vegetation, ET tends to be a weak (i.e., nonlinear) function of soil moisture content (i.e., the dual regime behavior). Such nonlinear response of evaporation to decreasing soil water content results from 3-D vapor shells forming over individual active evaporating pores, compensating for the loss of evaporation area as the soil surface dries and/or stomatal pores close [Schl€ under, 1988; Shahraeeni et al., 2012; . Strong wind velocity and airflow turbulence conditions, however, result in the formation of a thin viscous sublayer adjacent to the soil and plant leaf surfaces that restricts full development of the 3-D vapor shells as the spacing
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between active evaporating pores gradually increases. Therefore, the resulting evaporative fluxes continually decrease with decreasing surface water content [Shahraeeni et al., 2012; .
We note that our results revealed the negligible influence of the incoming shortwave radiation on ET-soil moisture relationships for the prescribed conditions studied here, when surface conditions (i.e., vegetation type and cover fraction) and airflow properties remain constant. These theoretical findings (see supporting information Figures S3 and S4 ) are in agreement with laboratory-scale observations of soil drying [Aminzadeh and Or, 2014] where the incoming shortwave radiation only shifts the evaporation-soil moisture relationship with no significant influence on its pattern. The present simulations were obtained for a sandy soil texture with relatively low viscous losses over a wide range of soil moisture content . Therefore, unlike the results shown in Figure 4 , liquid water supply is sufficient to meet the radiation-driven enhanced evaporative demand, with the result that evaporative cooling can protect transpiring leaf surfaces from overheating and thus avoid stomatal closure [Reynolds-Henne et al., 2010; Schymanski et al., 2013; Medina and Gilbert, 2016] . As a result, transpiration fluxes remain decoupled from soil moisture content over almost the entire range, and the soil evaporation component (and its associated controlling mechanisms) accounts for much of the variability in the strength (or shape) of the normalized ET-soil moisture relationship.
Implications for Thermal Inferences of ET Fluxes in Partially Vegetated Areas
Strong links between surface scalar fluxes and surface temperature patterns and dynamics have been widely used in remote sensing applications to indirectly estimate spatially heterogeneous ET fluxes at regional and continental scales [Norman et al., 1995; Kalma et al., 2008; Kustas and Anderson, 2009; Zhang et al., 2016] . However, studies show that most physically based thermal remote sensing methods employing PM-type ET schemes tend to underestimate ET fluxes, due mainly to the apparent overestimation of the aerodynamic Table 2 ). Theoretical estimates of ET-soil moisture relationships are in good agreement with measured data (R 2 50:78, 0.93, 0.81, 0.79, 0.88, and 0.75 for (a)-(f), respectively) and reveal the dynamic interactions between ET and soil moisture (i.e., the varying slope of the ET-soil moisture relationship) as hidden dynamics not captured by standard large-scale atmospheric methods. Model predictions of ET components (i.e., soil evaporation and plant transpiration indicated by dashed and dotted lines, respectively) confirm the significant contribution of the soil evaporation component to the ET-soil moisture relationship in semiarid regions.
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resistance [Ershadi et al., 2013; Yang et al., 2015; Y. Q. Wang et al., 2016] . This is particularly the case in sparsely vegetated areas where the highly complex and localized interactions between the land surface and atmospheric boundary layer markedly influence the physical mechanisms governing turbulent transport of momentum and scalars [Verhoef et al., 1997; Yang et al., 2013; Kustas et al., 2016; Liu et al., 2016] . As discussed in previous sections, interactions between aerodynamic boundary layers and isolated woody vegetation over partially vegetated surfaces are important for turbulence generation in the below and intercanopy regions.
These turbulent structures enhance momentum transfer to the soil surface and thus induce a thinner viscous sublayer (i.e., a lower aerodynamic resistance to vapor transfer from soil surfaces). Thus, ET methods that do not account for the near-surface turbulence generation mechanism are prone to overestimate the aerodynamic resistance over soil surfaces in partially vegetated systems.
In an effort to overcome the complexities arising from the aerodynamic resistance and its calculation under heterogeneous surface conditions, investigators [e.g., Mallick et al., 2015; X. Wang et al., 2016; Y. Q. Wang et al. 2016] have recently proposed surface-temperature-based methods independent of aerodynamic resistance terms. Such treatment, however, would challenge ''predictive'' capabilities of these methods when applied to partially vegetated surfaces due to the nonlinearity of surface temperature-flux relations over a range of vegetation types and cover fractions (see Figure 10 ) accounted for by vegetation-induced turbulence in the nearsurface region (i.e., the aerodynamic resistance term). Results presented in Figure 10 demonstrate the nonlinear influence of vegetationinduced turbulence (as a function of vegetation cover fraction and aspect ratio) on surface temperature dynamics regulating linked surface ) is a hypothetical potential ET flux approximated by the model predictions of ET max for the prescribed surface and atmospheric conditions. Despite a broadly linear relationship between measured ET and soil moisture inferred from the overall pattern of aggregate data sets, as commonly recognized by large-scale atmospheric and land surface models employed in semiarid areas, model predictions (solid lines) reveal subtle differences in the slope of ET-soil moisture relationships (indicated by dashed lines) for individual regions with different surface cover characteristics. The question remains as to what determines such variations in the slope of ET-soil moisture relationships, and if the widely recognized linear relationship in semiarid areas is always the case.
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10.1002/2016WR020111 energy balance components. Note the complex interactions between increasing near-surface turbulence and decreasing incoming shortwave radiation as the vegetation/obstacle cover increases, which are reflected in the different pattern of surface temperature variations over surfaces covered by bluff-body elements of low and high aspect ratios. As the obstacle cover increases up to 20%, the relatively strong turbulence generated in the near-surface region of the low-aspect-ratio obstacle compensates for the loss of incoming shortwave radiation such that surface temperature decreases due to the enhanced soil evaporation and resulting evaporative cooling (see also thermal snapshots in supporting information Figure S2c ). The mutual sheltering among obstacles of high aspect ratio, however, suppresses diffusive water vapor fluxes and as a result surface temperature increases. As the number of obstacles increases further (0:2 < g 1), surface temperature in the presence of low-and high-aspect-ratio obstacles, respectively, increases and decreases in response to decreasing evaporative cooling and increasing shading effects. Thus, proper consideration of such complex nonlinear interactions in the near-surface region are imperative for accurately interpreting remotely sensed surface temperatures and estimating ET and its partitioning in semiarid sparsely vegetated ecosystems [Yang et al., 2013 [Yang et al., , 2015 Kustas et al., 2016] . Despite an obvious need to evaluate these theoretical findings with field-scale measurements, which is deferred to future studies, the proposed analytical framework potentially provides a physical basis for improving the accuracy of thermal remote sensing methods in semiarid regions, where a major difficulty is how to decompose the combined land surface temperature captured by satellite remote sensing into its component temperatures (i.e., soil and canopy temperature) [Colaizzi et al., 2012; Yang et al., 2013] .
Summary and Conclusions
This study develops a hybrid dual-source ET model capitalizing on the advantages of layer and patch approaches to partition available energy and (latent and sensible) heat fluxes for the two ET components (i.e., soil evaporation and plant transpiration) based on surface vegetation cover characteristics. The proposed process-based ET model, which incorporates coupled soil moisture-atmospheric controls (Figures 1 and 3) , is an extension of the bluff-rough soil evaporation model of Haghighi and Or [2015b] to explicitly account for turbulence generation in the near-surface region of partially/sparsely vegetated areas. This near-surface turbulence resulting from interactions between the convective airflow boundary layer and bluff-body elements (vegetation canopy), is an important mechanism that can account for much of the bias in estimates of soil surface resistance and thus ET partitioning in partially/sparsely vegetated areas . In addition, the physically based ET model explicitly accounts for soil moisture-dependent stomatal responses to atmospheric evaporative demand which is crucial for predicting emerging land-surface feedbacks in a changing climate [Sulman et al., 2016; Schauberger et al., 2017] .
The performance of the proposed ET model was evaluated with published field-scale ET measurements under prescribed surface and atmospheric conditions. Model predictions of ET and its partitioning were in good agreement with measured data and successfully demonstrated the analytical relationships between ET and soil water content under various vegetation types and cover fractions. Importantly, model predictions revealed nonlinearities in the strength of the ET-soil moisture relationship in partially vegetated areas as a function of vegetation height and cover faction, which is accounted for by the nonlinearity of surfacecover-dependent turbulent interactions. As a result, the commonly recognized linear relationship between ET and soil moisture in semiarid regions could become nonlinear as the vegetation height and cover fraction increases (i.e., weak turbulence generation in the near-surface region) especially under low wind speed conditions. Such rich and complex dynamics of the strength of ET-soil moisture relationships parametrized in this study are important for models that seek to predict hydrology-climate feedback processes in semiarid regions (which are recognized as climate change hotspots) [Koster et al., 2006 [Koster et al., , 2009 . The results also revealed nonlinearities in surface temperature-flux relations as a function of vegetation type and cover fraction, strongly confirming the need for improved soil resistance formulations in remote sensing applications .
Additional tests would be required to assess the general usefulness of the proposed approach at operational scales of hydrologic and climatic interest; nevertheless, this study provides new physical insights into . The inset shows nonlinearities in soil surface temperature-flux relations resulting from turbulence generation in the near-surface region. These theoretical results challenge predictive capabilities of surfacetemperature-based methods that exclude the aerodynamic resistance and associated surface-cover-dependent interactions accounting for such nonlinearities.
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important, but as yet unaccounted for, surface-turbulence interactions affecting ET rates and patterns, and associated surface temperature dynamics during stage-I evaporation. In other words, a more complete account of near-surface resistances to vapor exchange in partially vegetated surfaces must consider momentum partitioning and turbulence generation mechanisms influencing adjacent bare soil drying. The mathematical description of the near-surface physical processes established in this study could obviate the reliance of widely used PM-type ET models on empirical near-surface resistance terms. Given the application of PM-type models in a number of large-scale data sets and land surface model applications [Jim enez et al., 2011; Mueller et al., 2013] , we envision that such theoretical insights into subgrid-scale physical phenomena governing ET rates and dynamics will ultimately improve the accuracy of simulation results at the regional and global scales including land-atmosphere interactions and climate change projections. E.H. acknowledges funding from the Swiss National Science Foundation (SNSF grant P2EZP2_165244) during his stay at MIT. The model data underlying this study can be obtained upon request from the corresponding author at erfanh@mit.edu. Laboratory and field-scale data used in this study (and in the supporting information) can be obtained from the cited references. The final manuscript benefited markedly from comments by the Associate Editor and three anonymous referees; we greatly appreciate their efforts.
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